This paper reports dual-epoch, Very Long Baseline Array observations of H I absorption toward 3C 147. One of these epochs (2005) represents new observations while one (1998) represents the reprocessing of previous observations to obtain higher signal-to-noise results. Significant H I opacity and column density variations, both spatially and temporally, are observed with typical variations at the level of ∆τ ≈ 0.20 and in some cases as large as ∆τ ≈ 0.70, corresponding to column density fluctuations of order 5 × 10 19 cm −2 for an assumed 50 K spin temperature. The typical angular scale is 15 mas; while the distance to the absorbing gas is highly uncertain, the equivalent linear scale is likely to be about 10 AU. Approximately 10% of the face of the source is covered by these opacity variations, probably implying a volume filling factor for the small-scale absorbing gas of no more than about 1%. Comparing our results with earlier results toward 3C 138 (Brogan et al.), we find numerous similarities, and we conclude that small-scale absorbing gas is a ubiquitious phenomenon, albeit with a low probability of intercept on any given line of sight. Further, we compare the volumes sampled by the line of sight through the Galaxy between our two epochs and conclude that, on the basis of the motion of the Sun alone, these two volumes are likely to be substantially different. In order to place more significant constraints on the various models for the origin of these small-scale structures, more frequent sampling is required in any future observations.
Introduction
Beginning with a two-antenna very long baseline interferometric (VLBI) observation of 3C 147
by Dieter et al. (1976) , a variety of H I absorption studies over the past three decades have found AU-scale optical depth variations in the Galactic interstellar medium (ISM). The initial detections were confirmed by Diamond et al. (1989) , and the first images of the small-scale H I in the direction of 3C 138 and 3C 147 were made by Davis et al. (1996) using MERLIN. Faison et al. (1998) and Faison & Goss (2001) used the Very Long Baseline Array (VLBA) to improve the resolution toward a number of sources to approximately 20 mas (∼ 10 AU). Significant variations were detected in the direction of 3C 138 and 3C 147, while no significant variations in H I opacity were found in the direction of five other compact radio sources.
An independent means of probing small-scale neutral structures is multi-epoch H I absorption measurements of high proper motion pulsars (Frail et al. 1994; Johnston et al. 2003; Stanimirović et al. 2003) . While early pulsar observations suggested that small-scale structure might be ubiquitous, more recent observations suggest that it could be more sporadic. A significant advantage of VLBI observations is that they provide 2-D images of the opacity variations, rather than 1-D samples as in the case of pulsars observations. Brogan et al. (2005) revisited the observations of 3C 138, by re-analyzing the 1995 VLBA observations (Faison et al. 1998 ) and by obtaining two new epochs of observations (1999 and 2002) . They confirmed the initial results of Faison & Goss (2001) , that there are small-scale opacity changes along the line of sight to 3C 138 at the level of ∆τ max = 0.50 ± 0.05, with typical sizes of roughly 50 mas (∼ 25 AU). However, with multiple epochs and improvements in data analysis techniques (yielding an increase of a factor of 5 in the sensitivity of the 1995 epoch), they reached a number of additional significant conclusions:
1. They found clear evidence for temporal variations in the H I opacity over the sevenyear time span of the three epochs, consistent with structures moving across the line of sight at velocities of a few tens of kilometers per second, though the infrequent sampling in time means that they could not determine whether these structures were persistent.
2. They found no evidence for a drop in the H I spin temperature, as would be evidenced by a narrowing of line widths at small scales compared to single dish measurements. In turn, a constant H I spin temperature implies that the small-scale opacity variations are due to density enhancements, although these enhancements would necessarily be extremely over-pressured relative to the mean interstellar pressure, far from equilibrium, and likely of relatively short duration.
3. For the first time they determined that the plane of sky covering fraction of the smallscale H I gas is roughly 10%. In turn, this small covering fraction suggests that the volume filling factor of such gas, within the cold neutral medium, is quite low ( 1%), in agreement with HST observations of highpressure gas in the ISM (Jenkins & Tripp 2001; Jenkins 2004 ).
4. They simulated pulsar observations that have been used to search for H I opacity variations and showed that the existing pulsar observations have generally been too sparsely sampled (in time) to be useful in studying the details of small-scale H I opacity variations.
While the multi-epoch study of Brogan et al. (2005) represented a substantial improvement, nonetheless their conclusions rested on observations of only one line of sight. In light of this sample of one, their conclusions might seem rather audacious, particularly given the larger sample observed by Faison et al. (1998) and Faison & Goss (2001) , in which most of the objects did not show variations in the H I absorption. The 3C 138 study has shown that the key to a successful small scale H I study is a background source with both high surface brightness ( 60 mJy beam −1 ) and large angular extent (> 100 mas). The quasar 3C 147 is one of the few sources that shares these characteristics with 3C 138. This paper presents dual-epoch observations of 3C 147 that were designed specifically to confront the conclusions of Brogan et al. (2005) with a second line of sight. Section 2 of this paper describes the observations, focussing on the new observations acquired for the second epoch, §3 discusses the results, and §4 presents our conclusions and recommendations for future work.
Observations
We have observed the Galactic H I absorption (near −10 km s −1 ) toward the quasar 3C 147 at two epochs. Epoch I was 1998 October 22, and the results from those observations have been published previously by Faison & Goss (2001 Broadly similar data reduction procedures were used for the two epochs. For the 2005 epoch, the data were calibrated for the frequency dependence of the bandpass using observations of 3C 48 and amplitude calibrated using system temperatures measured at the individual antennas. The most significant difference in the calibration is that for the 2005 epoch, we attempted to phasereference the observations to the compact source IVS B0532+506, separated by 1.
• 3 from 3C 147.
Our initial motivation for this change in procedure is that 3C 147 has a sufficiently complex structure that fringe-fitting assuming a pointsource model could yield erroneous residual delay and rate solutions. In practice, phase referencing did not prove useful. The phase-referencing cycle time was short enough that latency in the VLA system often resulted in the VLA acquiring no data. The most significant difficulty, however, was that only one of the epochs was phase-referenced.
There was an apparent offset in the core position between the two epochs (with a magnitude of a fraction of the synthesized beam width or a few milliarcseconds) that biased any attempt to compare results from the two epochs (e.g., comparing the integrated line profiles). Consequently, we did not make use of the phase-referenced data for constructing the H I line profile or opacity images. One obvious impact on our results is that the sensitivity of the 2005 epoch H I line data is less than it could have otherwise been due to the phase-referencing cycling between 3C 147 and IVS B0532+506.
Two of the three continuum IFs were then averaged together and several iterations of hybrid imaging (iterative imaging and self-calibration) were performed. After the final iteration of selfcalibration, the phase and amplitude solutions were applied to the IF containing the H I line. The line-free velocity channels in this IF were averaged together to produce a continuum data set, which underwent a final round of hybrid imaging, the solutions from which were applied to the velocity channels containing the line. Finally, the continuum emission was subtracted from the velocity channels containing the H I line and the resulting line data set was imaged.
We also reprocessed the observations of Faison & Goss (2001) in a similar fashion. A significant difference from the original analysis of Faison & Goss (2001) is that we used the continuum image from the 2005 epoch as an initial model for fringe fitting the 1998 epoch data (for which no phase referencing was performed). The combination of a better initial model and improvements in the imaging software and analysis procedures led to a substantial improvement in the reprocessed 1998 epoch data. The noise in the 1998 epoch continuum image has improved by nearly an order of magnitude, and the improvement in the spectral line images is a factor of a few. As was the case for 3C 138, the original analysis found a significantly higher peak brightness than we do, by a similar factor (≈ 30%). Like Brogan et al. (2005) , we attribute this difference to the use of a point source model by Faison & Goss (2001) in the original fringe fitting along with other details of the subsequent imaging and self-calibration.
Following the procedure of Faison & Goss (2001) , both the continuum images and continuum- b The clean beam before convolution to 10 mas. All subsequent values are for the convolved 10 mas resolution images.
c For the image after it has been convolved to 10 mas resolution. subtracted line cubes were convolved to 10 mas resolution. The u-v coverages for the visibility data from the two epochs were similar, producing images with angular resolutions of approximately 7 mas (Table 1 ). The convolution of the continuum images and continuum-subtracted line cubes is an attempt to minimize any effects of modest differences in the u-v coverage between the epochs. The second epoch data were also smoothed in velocity so that their velocity resolution matched that of the first epoch.
An optical depth cube, calculated as
, where I line and I cont are, respectively, the images from formed from line and line-free channels. Because the signal-to-noise ratio in the optical depth images is low where the continuum emission is weak, the optical depth images were blanked where the continuum emission was less than 5% of the peak emission.
Results

21 cm Continuum
Figure 1 presents the 21 cm continuum image of 3C 147 from the new observations of the 2005 epoch. There is good qualitative agreement between our image and previously published images at comparable wavelengths (18-20 cm, Readhead & Wilkinson 1980; Zhang et al. 1991; Polatidis et al. 1995; Faison & Goss 2001) . The source displays its well-known core-jet structure, with the jet extending some 200 mas to the southwest before bending to the north. Also prominent is diffuse emission to the east of the core, extending to the north, first noticed by Zhang et al. (1991) . The resolution of our observations is not high enough to resolve the northeast extension from the core found by Readhead & Wilkinson (1980) .
We assessed the continuum images from the two epochs for variability. Creating a difference image between the two epochs, we find that any variability in the source is below the 20 mJy beam −1 level. Even if the source is variable at this level, as for the Brogan et al. (2005) analysis, variability will not impact our optical depth calculations, because (1) the continuum appropriate for each epoch was used in the optical depth calculations, (2) amplitude self-calibration solutions were never transferred between the epochs, and (3) the intrinsic continuum morphology at 10 mas resolution does not appear to change from epoch to epoch. The flux density in our image is 18 Jy. The VLA Calibrator Manual lists of flux density of 22.5 Jy, indicating that our observations have recovered 80% of the source's total flux density. • ), the profile is complex, making it similar to 3C 138 (Brogan et al. 2005 ). Our profile is in good agreement with previously published profiles (Kalberla et al. 1985; Faison & Goss 2001) , and the difference between the line profiles from the two epochs shows only modest variations. Like Faison & Goss (2001) , we shall restrict our atten- Faison & Goss (2001) have discussed the difficulties with assessing the distance to the absorbing gas. Under the simple assumption that all H I gas is confined to a 100 pc thick layer, the absorbing gas must be within 0.6 kpc. However, the kinematic distance to the gas causing the −8 km s −1 absorption is uncertain, with distances as large as 1.1 kpc allowed. As a nominal value, we adopt the conversion that our resolution of 10 mas corresponds to a linear distance of 7.5 AU (1 mas = 0.75 AU), implying a distance of 750 pc to the gas, though differences of as much 50% are possible.
H I Line Profile
For subsequent analysis, we fit the 2005 epoch optical depth line cube by gaussian components, using the profile of Figure 2 as an guide to initial values for the component parameters. For the fitting, we focussed on the three significant components identified. The fitting was done on a pixel-by-pixel basis, with an independent threecomponent fit for each pixel. Table 2 summarizes results of the fits, averaged over the face of the the source. Guided by the results of the fitting from the 2005 epoch, a similar fitting was performed for the 1998 epoch.
Small-Scale Structure
Figures 3 and 4 show column density fluctuation images at the two epochs for the three different velocity components. From the gaussian fits, column density images were constructed from the fitting results by multiplying the maximum optical depth by the velocity width (N H I /T s ∝ τ σ v , see below regarding the spin temperature T s ). In order to highlight fluctuations, the average column density from the 2005 epoch across the face of the source was subtracted from these column density images to produce the column density fluctuation images. The signal-to-noise is not uniform across the face of the source, and tends to decrease near the edges. In order to aid in assessing the reality of features, Figures 3 and 4 also show the column density fluctuation signal-to-noise ratio images.
We show column density fluctuation images, in contrast to Brogan et al. (2005) who showed optical depth channel images. For 3C 147, analysis of the column density fluctuations is required because the velocity field of the absorping gas appears to change somewhat within each velocity component. For 3C 138, Brogan et al. (2005) compared the optical depth channel images at different velocities and concluded that any velocity field fluctuations were negligible, in contrast to the situation for 3C 147. Also, in converting to column density, we assume a uniform spin temperature of the gas of T s = 50 K (Heiles 1997) . Unlike 3C 138 which was part of the Millennium Arecibo 21 cm Survey (Heiles & Troland 2003) , 3C 147 is outside the Arecibo declination range so that there is less direct information about the absorbing gas along this line of sight.
Figures 5-8 show cuts through the column density fluctuation images. In all cases, spatially significant changes in the column density between the two epochs are clearly apparent for all of the H I components, at significance levels exceeding 5σ over most of the face of the source. We have also conducted an analysis in which we consider a constant column density cross-cut to be the null hypothesis. In a χ 2 sense, the null hypothesis can be firmly rejected as typical values, for both epochs epochs, a spin temperature T s = 50 K is assumed. Also shown are uncertainties (±2σ), although in many cases they are only slightly larger than the symbol size. Further, because the restoring beam can induce correlations, we plot only every fifth datum. The major axis illustrated is the central of the three in Figure 5 . and all velocity components, are χ 2 ∼ 10 (reduced χ 2 ). Typical angular scales for column density variations are approximately 15 mas, corresponding to a linear scale of approximately 10 AU. Brogan et al. (2005) discussed the possible systematic effects that might affect the extraction of reliable optical depth or column density variations from dual-epoch imaging such as presented here. We do not repeat their discussion, but consider Figure 6 ), but for a minor axis slice. many of the same issues and conclusions to hold. Namely, while small differences in the images from epoch to epoch may be due to the details of the observations and data reduction (e.g., spatial frequency or u-v coverage, slight differences in the imaging), a number of steps were taken during the analysis in an effort to minimize the differences between the epochs, and the column density variations are significant.
The column density fluctuations in Figures 5-7 correpond to peak-to-peak optical depth variations as large as ∆τ ≈ 0.7, and typical optical depth variations on scales of approximately 15 mas ranges from 0.1-0.3. The associated uncertainties in the optical depth are σ τ ≈ 0.07, implying significant variations at the 3σ level, and the column density cross-cuts indicate variations at even higher significance are present. Fur- ther, the magnitude of the variations is approximately correlated with the strength of the average H I absorption toward 3C 147, in that the largest variations are observed at −8.0 km s −1 , followed by 0.4 km s −1 , with the smallest variations at −10.4 km s −1 (cf. Figures 2 and 5-8 ).
The opacity variations toward 3C 138 show changes that are consistent with motion of structures across the line of sight (Brogan et al. 2005) , though there is considerable uncertainty with making these identifications (as they discuss). Possible motions of structures across the line of sight toward 3C 147 are also visible in the cross-cuts. Examples of such motions include the features at distances between 50 and 100 mas (Figures 7). Caution in interpreting these features as arising from motions is clearly warranted, however, given that we have only two epochs. Nonetheless, typical position shifts appear to be of the order of 5 mas. Over the 7 yr interval between observations, the implied proper motion is just under 1 mas yr −1 , equivalent to a velocity of order 3 km s −1 , at a distance of 750 pc. For comparison, and recognizing that there is considerable uncertainty in these comparisons, Brogan et al. (2005) find larger values for the apparent velocities of structures toward 3C 138 (≈ 20 km s −1 ).
One of the motivations for undertaking these observations was to assess whether the optical depth variations, both spatial and temporal, found by Brogan et al. (2005) toward 3C 138 indicated that the line of sight to that source was in some sense "special" or anomalous. Comparison of Figures 3 and 4 and Figures 5-8 with the corresponding ones from Brogan et al. (2005) show that they are qualitatively similar, with clearly significant opacity or column density variations occurring both in space and time.
Quantitatively, there are modest differences in the opacity/column density variations between 3C 147 and 3C 138. We estimate that the typical angular scale of opacity variations is 15 mas (≈ 10 AU), as opposed to about 50 mas (≈ 25 AU) toward 3C 138, though the linear scales are comparable. The magnitude of the variations toward 3C 147 also seems somewhat smaller. Optical depth changes (both in space and time), and corresponding column density fluctuations, are a factor of a few to several larger for 3C 138-optical depth changes of 0.4 and larger (> 10 20 cm −2 ) for Brogan et al. (2005) used their observations of 3C 138 to conclude that the (two-dimensional) covering factor of small-scale H I opacity variations was about 10%, from which they inferred a three-dimensional filling factor of probably less than 1%. Although the optical depth variations appear qualitatively similar for lines of sight toward 3C 138 and 3C 147, we have repeated their analysis in order to determine the covering and filling factors for the line of sight to 3C 147. Figure 9 shows the fractional number of pixels in a optical depth channel image for the three different velocities at both epochs. Most of the opacity variations are at a level less than about 0.2 in optical depth, and we do not consider them significant. Restricting to optical depth variations larger than approximately 0.2 (≈ 3σ), most of the covering fractions are about 10%, ranging from a low value of a few percent to a high exceeding 25%.
Small-Scale H I Covering and Filling Factors
While we have decomposed the optical depth profile into gaussian components, our decomposition is likely not unique and we fit only for three components, whereas Figure 2 clearly shows that there are could be more components. Thus, a plausible upper limit to the volume filling factor of the small-scale absorbing gas is obtained by assuming that there are multiple components, each of which contributes equally. We obtain an upper limit of 1%, a value which, as Brogan et al. (2005) emphasize, is not directly measurable.
Discussion and Conclusions
We have presented two epochs of observations of the H I optical depth across the face of the source 3C 147 on scales of approximately 10 mas. The motivation for these observations was assessing whether spatial and temporal H I opacity variations found in multi-epoch observations of 3C 138 by Brogan et al. (2005) were in some sense "special" or anomalous.
We find qualitatively similar opacity and column density variations toward 3C 147 as were found toward 3C 138. Quantitatively, the variations toward 3C 147 appear to be somewhat smaller in angular scale (15 mas vs. 50 mas) and smaller in magnitude (by a factor ∼ 5). While the typical angular scale of the variations toward 3C 147 appears smaller, the absorbing gas may be more distant than that causing the absorption toward 3C 138 ( §2). If so, the resulting linear scales are comparable (10 AU for 3C 147 vs. 25 AU for 3C 138), though the uncertainties are large.
Further similarities are observed in the covering and filling factors of the small-scale absorbing gas toward both sources. For both lines of sight, the covering factor appears to be approximately 10%, and the volume filling factor, while not measured directly, has a plausible upper limit of 1% (and potentially much less).
Both 3C 138 and 3C 147 display significant H I opacity variations across their faces, implying variations within the ISM on scales of about 10 to 50 AU over path lengths ranging from 100 to 1000 pc. Using MERLIN, Goss et al. (2008) also have resolved significant H I opacity variations across the faces of 3C 111, 3C 123, and 3C 161, implying structure on scales of 50 to 500 AU. We conclude that the conditions that cause such small-scale variations are fairly widespread within the Galactic ISM. The reason that so few other sources display such small-scale opacity variations is likely to be, as Brogan et al. (2005) discuss, that few sources other than 3C 138 and 3C 147 have the combination of angular extent and surface brightness required to conduct these observations. One unfortunate implication of this conclusion is that milliarcsecond-scale H I observations of other sources will largely not be useful for probing the small-scale structure without a significant increase in sensitivity. One possible target, particularly with the existing High Sensitivity Array (HSA), 1 may be 3C 380.
In one aspect, however, the lines of sight to 3C 147 and 3C 138 do differ. For the 3C 138 analysis, Brogan et al. (2005) used optical depth velocity channel images whereas, for 3C 147, we fit the optical depth line cube with gaussian components and used the resulting column density images. This difference in approach was motivated by the velocity structure that was apparent within an H I component in the 3C 147 optical depth line cube.
We have not been able to find a ready explanation for this difference. Both sources are seen toward the Galactic anticenter, with Galactic coordinates (longitude, latitude) of (161.
• 7, 10.
• 3) for 3C 147 and (187.
• 4, −11.
• 3) for 3C 138, respectively. To first order, the lines of sight to both cut almost perpendicular to the Perseus spiral arm. Further, were velocity crowding the explanation, it would seem that that should be more of an issue for 3C 138 than for 3C 147. We have also consulted the WHAM Hα survey and the Green supernova remnant (SNR) catalog (Green 2006) , reasoning that Hα and SNRs might serve as a tracers of turbulence injected by winds or explosions from massive stars. There are no obvious indications that the line of sight to 3C 147 should be affected any such turbulence-indeed a comparison of the 3C 138 and 3C 147 lines of sight suggest that the line of sight to 3C 138 would be more likely to be the one that would display any such evidence of turbulence.
An alternate possibility is that the kinematic differences between these two lines of sight reflect small-scale features, and possibly the past history of the gas. Kalberla et al. (1985) imaged the H I emission around the line of sight toward 3C 147 at 1 ′ resolution (≈ 1 pc linear scale). They found a series of filaments and small clumps of H I emission, and they were able to associate at least some of the absorption features with small emission clumps. The amount of small-scale structure (in H I emission) toward 3C 147 is not generally observed in the on-going GALFA H I survey at Arecibo. Further, Kalberla et al. (1985) find that a large fraction (∼ 80%) of the H I in emission in the direction of 3C 147 has a temperature of 500-2000 K. At this temperature, the gas would be thermally unstable. While the warm H I is not responsible for the absorption, the possibility that this line of sight contains thermally unstable H I is consistent with a scenario in which the microphysics, and potentially the past history of the gas, leads to kinematic variations within an H I absorption component. Kalberla et al. (1985) also suggested a relative distance ordering of the gas. Comparison of the opacity variations (Figures 5-8 velocity components. One interpretation is that the opacity variations result from structures of essentially constant size, which are comparable to or smaller than the equivalent linear size of our beam (∼ 10 AU). If this were the case, we could obtain a relative distance ordering of the gas, with the −8.0 km s −1 material being the nearest, followed by the 0.4 km s −1 material, and the −10.4 km s −1 material being the most distant. An alternate interpretation (see above) would attribute these differences to the history of exposure of the gas to shocks or other interstellar disturbances. Whichever is the case, there is clearly significant structure on large scales (∼ 1 pc), suggesting that such structure could persist to smaller scales. The combination of VLBA and VLA data (as well as potentially MERLIN data) might be able to explore the connection between the smalland large-scale opacity variations. Bregman et al. (1983) have set an upper limit (3σ) on the magnetic field toward 3C 147 of B < 50 µG, based on Zeeman effect measurements in H I spectra. Under the standard assumption that discrete H I structures require densities n ∼ 10 5 cm −3 (Heiles 1997) , with a typical velocity width of v ≈ 3 km s −1 (Figure 2 and Table 2), one concludes that magnetic and turbulent equipartition requires a magnetic field strength of order 400 µG, well above the observed upper limit. As for the optical depth variations toward 3C 138 (Brogan et al. 2005) , the optical depth variations cannot be in magnetic and turbulent equilibrium, unless there is significant blending and dilution of the magnetic field on the angular scales over which the Zeeman effect measurements were made.
Our observations of 3C 147 do not produce any new constraints on the nature of the smallscale structures vis-a-vis whether they represent "statistical" fluctuations (e.g., Deshpande 2000), "non-equilibrium" physical structures (e.g., Jenkins & Tripp 2001; Hennebelle & Audit 2007) , or discrete "tiny scale atomic structures" (Heiles 1997) . While the level of opacity variations toward 3C 147 are lower than those toward 3C 138, we believe that this lower level can be accommodated easily within any of these scenarios. A wide range of opacity variations might be expected if these result from non-equilibrium processes, particularly because the level of opacity variations could depend upon the history of the gas. Also, as Brogan et al. (2005) note, the predicted level of opacity variations within a statistical description depends sensitively upon the assumed spectral index of the underlying power law; within the current uncertainties for this spectral index, a large range of opacity variations is allowed.
What would be required in order to place significant constraints on these small-scale opacity variations? Ideally, one should monitor the same volume of gas and determine how the structures evolve. In the most simple comparison, discrete structures should show only linear motion across the line of sight, while fluctuations or nonequilibrium physical conditions might also cause the appearance of the opacity variations to change significantly.
The elapsed times between observations presented here and those in Brogan et al. (2005) range from 3 to 7 yr. These intervals are only a few percent of the estimated time for discrete structures to change substantially (≈ 500 yr, Heiles 2007). However, on milliarcsecond scales, the line of sight to 3C 147 effectively samples a volume through the Galaxy (Marscher et al. 1993; Dieter-Conklin 2009) . The Sun's velocity through space causes this volume to move between our observing epochs (Figure 10 ), in addition to any Fig. 10 .-An illustration of the different volumes of the Galaxy sampled by multi-epoch VLBI observations. The distance to the absorbing gas is assumed to be 750 pc, the space velocity of the Sun is assumed to be 30 km s −1 , and the gas is assumed to be stationary. The resulting effective proper motion is 8.4 mas yr −1 ; a smaller assumed distance for the gas would result in a larger proper motion while a smaller space velocity for the Sun would result in a smaller proper motion. Shown is the apparent position of the source at three hypothetical epochs, each separated by 3 yr, comparable to the typical separation in epochs for the existing multi-epoch VLBI H I absorption observations. (Epoch I is red, Epoch II is green, and Epoch III is blue.) The white areas indicate the only sampled volumes of gas common to all three epochs. motion that the gas itself might have. A simple estimate of the Sun's motion suggests that an entirely new volume through the Galaxy could be sampled on time scales of approximately 3 yr. That is, in the typical interval between VLBI observations, essentially an entirely new volume of the Galaxy is sampled by the line of sight.
Consequently, we also conclude that the time sampling of the existing multi-epoch VLBI observations has been too coarse to distinguish between the various models for the small-scale opacity variations. Ideally, one would like to monitor the same volume of gas, to determine if the opacity variations appear to be simply in motion or also changing in appearance. We estimate that, for either 3C 138 and 3C 147, an appropriate sampling interval is no longer than about 9 months, with even more rapid sampling desirable.
We thank N. Dieter-Conklin for helpful discussions on the motion of the lines of sight through the Galaxy. We thank J. Dickey, the referee, who made insightful comments that we believe improved the analysis presented here. The Wisconsin H-Alpha Mapper is funded by the National Science Foundation. This research has made use of the SIMBAD database, operated at CDS, Strasbourg, France. This research has made use of NASA's Astrophysics Data System. The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. Basic research in radio astronomy at the NRL is supported by 6.1 NRL Base funding.
